Supplemental Results and Discussion
in the T 50 . This is expected to occur if the mutations introduced at this site indeed cause a decrease in the lifetime of the polymerase occupancy at this pause site.
Similarly, additional mutations made near the pause A site (nucleotides 213-215 changed from UUG to ACA), to create the pause A and pause B double disruption (PA/PB), is expected to cause further erosion of riboswitch function.
Indeed, RNA products generated at various times during transcription from the pause B (PB) mutant template reflect a loss of pause B RNA intermediate ( Figure S1 , compare WT to PB templates). Likewise, the PA/PB mutant template yields less pause intermediates ( Figure S1 , compare WT to PA/PB templates).
The decrease in transcription intermediates at the PA and PB sites is reflective of shorter lifetimes.
Fluorescence Quenching Studies
The fluorescence quenching data generated for 165 ribD RNA (Figure 4 ) fits well with the curve expected for a 1:1 RNA-to-ligand interaction. However, the data for 230 ribD gave an acceptable fit to an ideal curve only after the data was corrected for misfolding of approximately 30% of the RNA. This phenomenon for 230 ribD was temperature-dependent such that uncorrected data sets collected at higher temperatures best fit the ideal curves (data not shown). This effect may be attributed to the elimination of misfolded states at higher temperatures. Due to the poor fit to an ideal curve, the K D for 230 ribD was determined by plotting i obs -i F versus (i obs -i F )/(RNA T -FMN T ) from the following equation (Bloomfield et al., 2000) :
Regardless, the slopes of van't Hoff plots ( Figure S2) for the three RNAs demonstrate that the heat of the RNA-ligand interactions are similar, suggesting the RNAs use a common ligand binding mechanism despite differences in their
To discern whether RNA misfolding was causing the decrease in association rate constant values as RNA length increased ( Figure 4C ), we repeated the fluorescence quenching kinetics studies under pseudo-first order conditions wherein FMN was present in excess over 230 ribD RNA ( Figure S3 ). Unlike the case of RNA excess, in which the misfolded and slowly reactive RNA would be undetected due to the high concentration of properly folded RNA, in the case of FMN excess, the reaction of all of the RNA can be observed. Indeed, a twocomponent exponential decay of fluorescence was observed when FMN was added in excess over RNA. When adjusted for concentration of the component in excess, the faster of the two time constants was nearly equal for the two reaction conditions ( Figure S3 ) and for all three RNA constructs tested, but the slower of the two time constants increased as the length of the RNA increased (data not shown). We postulate that the second and larger time constant represents the unfolded-to-native structural transition, while the first and smaller time constant represents the FMN binding event of the native or more pre-organized aptamer.
It is likely that the small levels of riboswitch misfolding observed in our in vitro assays will be even less when the riboswitch is expressed in its natural cellular context.
Thermal Denaturation of an FMN Riboswitch
In order to further investigate the modest number of sites showing FMN-induced structural modulation of the secondary structure of the ribD riboswitch, we turned to fluorescence and absorbance melting techniques. The fluorimeter allowed direct observation of the occupancy status of FMN, while the UV-vis spectrophotometer allowed observation of the major structural features of the RNA.
Plots of absorbance at 245 nm for each RNA during thermal denaturation were complex, and with the exception of a narrowing of the transition from folded to denatured RNA, no clear change in the pattern of temperature-dependent absorbance plots was observed when FMN was added. An example of this data is presented for the 165 ribD RNA ( Figure S4 ). The apparent melting temperature (T M ) of the FMN-RNA interaction is 55ºC under these conditions ( Figure S4A ).
This assay also provided evidence that the ligand is released prior to melting of the main portion of the RNA secondary structure.
Furthermore, the addition of FMN binding does not cause large changes in the absorbance profile for the RNA other than the narrowing of the main transition ( Figure S4B ). This suggests that only a few nucleotides change their structural characteristics, which is consistent with that observed by in-line probing ( Figure 3B ). We surmise that binding is governed by modest secondary structure and tertiary structure changes. Most likely, the aptamer secondary structure is largely pre-organized, and that ligand binding stabilizes a specific structural variant that precludes formation of the antiterminator stem.
Competition Between Antiterminator Formation and FMN Binding
In the absence of ATO, quenching of FMN fluorescence by 230 ribD at 30ºC as expected occurs somewhat slower than that observed for the 165 ribD RNA under similar conditions ( Figure 4C , lower inset). If FMN and ATO are mixed with the ribD RNA simultaneously ( Figure S5A ), then the two ligands should compete for binding to the aptamer. Indeed, as ATO is added in increasing concentrations, the rate of fluorescence quenching diminishes accordingly. In addition, there appears to be a slow rate of quenching increase as time progresses even in the incubations containing the highest concentrations of ATO ( Figure S5A , 5 and 10 µM ATO). One explanation for this effect is that the ATO dissociates faster than does FMN, and therefore the system only slowly approaches equilibrium between the ATO-and FMN-bound states.
If these mixtures are close to equilibrium after 100 seconds ( Figure 5C ), then the point at which fluorescence quenching is reduced by half represents conditions wherein FMN and ATO are competing equally for binding to the aptamer. An approximate k on value of 10 3 M -1 s -1 for ATO helix formation could be determined by dividing the product of k on for FMN and its concentration by the concentration of the ATO that results in half-maximal quenching. This value is more than 100-fold slower than typical oligonucleotide hybridization. If this bimolecular configuration of the antiterminator stem approximates the natural system, then we estimate the time required for the antiterminator helix formation to be at least 3 seconds, which is more than 100-fold slower than formation of a tRNA acceptor stem helix.
Additionally, we examined the ability of the ATO to disrupt the FMN-RNA complex. We performed standard dilution-relaxation experiments by mixing various concentrations of the ATO with preformed RNA-FMN complexes ( Figure   S5B ). Even at the highest ATO concentration tested, the dissociation of FMN from the RNA did not take place faster than that dictated by the rate constant for RNA-FMN dissociation in the 200 ribD RNA where antiterminator formation is not possible ( Figure 5B ). Furthermore, we determined the k on value for FMN using ATO-docked ribD RNA. The fluorescent quench response is reduced significantly even at the lowest concentration of the ATO ( Figure S5B ). We conclude that, once either FMN or the antiterminator strand is bound, the other cannot substantively accelerate the dissociation of its rival. Figure S5 depicts the same simplified framework for the function of the ribD FMN riboswitch described in Fig. 6 . However, fig. S6 also depicts the kinetic parameters established in this study for this particular riboswitch. It is important to note that the precise values will vary depending on riboswitch sequence and the conditions under which the riboswitch is performing. Therefore, although the model for riboswitch mediated transcription termination might be widespread, many variations in the precise parameters for each step are likely to occur.
Simplified Kinetics Model for the ribD FMN Riboswitch

Supplemental Experimental Procedures
Temperature-dependence of UV and Fluorescence Spectra
Thermal melting experiments to monitor changes in FMN fluorescence (Burch, 1957) were conducted in a Cary Eclipse fluorescence spectrophotometer using an excitation wavelength of 445 nm and monitoring emission at 525 nm. Slit widths and PMT voltage were adjusted to keep the signal below 1000 arbitrary units for samples at high FMN concentration. RNA and FMN samples were suspended in RB and degassed using helium. The temperature was changed no faster than 1°C per minute. Dry nitrogen gas was blown into the sample handling unit to prevent condensation on the cuvettes.
Thermal melting experiments monitoring changes in UV absorbance were conducted using 1 µM RNA in the presence and absence of 10 µM FMN in RB using a Cary 1 UV-vis spectrophotometer in double-beam mode. Absorbance was measured at 245 nm in order to reduce the photodegradation of FMN which has an absorption minima at 245 nm. A slit width of 1 nm was used with an averaging time of 3 seconds. Temperature ramps were conducted no faster than 1°C per minute. All samples were degassed using helium. Filtered, dry nitrogen was flowing into the sample handling unit in order to prevent condensation on the cuvettes during temperature reductions. All data analysis was accomplished using Microcal Origin version 6.0 and Microsoft Excel.
In vitro Transcription Conditions for Termination and Pause Site Mapping
Each reaction used a 2:1 ratio of DNA template to RNAP. The transcription buffer was subjected to denaturing 6% PAGE. The resulting gels were dried and visualized by phosphoimager using ImagQuant software by Molecular Dynamics.
Purification of B. subtilis RNA polymerase
The construction of B. subtilis strain MH5636 (generous gift by M. Hulett, Chicago, Illinois) has been described previously (Qi and Hulett, 1998) . A 3 mL overnight culture was used to inoculate 2 L of 2XYT medium (tryptone 16 g L -1 , yeast extract 10 g L -1 , NaCl 5 g L -1 ). Cells were incubated with shaking until the cultures reached an A 600 value of 1.2. Cells were harvested by centrifugation (4,000 g for 25 minutes). The pellet was resuspended in cold 20 mL Lysis Buffer (300 mM NaCl, 50 mM Tris-HCl (pH 8.0 at 23ºC), 3 mM 2-mercaptoethanol, 5% glycerol) and maintained at 4ºC. Lysozyme (4 mg ml -1 ) and phenylmethylsulfonyl fluoride (1 mM) were added and the suspension was rocked for 30 minutes at 4ºC. Cells were lysed by sonication and cellular debris was pelleted by centrifugation (12,000 g, 15 minutes, 4ºC). Nickel-nitrilo-tri-acetic acid agarose slurry (Qiagen, 0.1 volume) was added to the supernatant and gently mixed at 4ºC for 30 minutes. The mixture was placed into a column and the flow-through was removed by gravity elution. The column was washed with 20 mL cold lysis buffer, followed by 20 mL lysis buffer + 40 mM imidazole. Column-bound RNAP was eluted with 0.5 mL aliquots of lysis buffer plus 400 mM imidazole. Elution fractions were dialyzed twice against 500 mL storage buffer containing 50 mM Tris-HCl (pH 8.0 at 23ºC), 50% glycerol and 3 mM 2-mercaptoethanol. Aliquots of the eluted fractions were then tested for RNA polymerase activity. His-tagged NusA was affinity-purified similar to that of B. subtilis RNA polymerase described above.
Purification of
FMN Binding Kinetics and K D
To estimate k off , a two-state binding model was used with the modification that a Supporting the modest number of sites of modulation in the in-line gel assay, the transition peak is not altered by the presence of FMN, leading to the conclusion that a more delicate element of secondary structure or perhaps a tertiary structural element is responsible for the binding event. 
